Exogenous fluorescent agents such as green fluorescent protein (GFP) have been widely used as biological indicators in bioimaging techniques. Although GFP and its mutants have been used in many applications, their optical properties have not been completely investigated, especially when they are under various environmental conditions. In this research, we developed a spectrum-analyzing system to investigate the fluorescent properties of GFP in the environments of different temperatures. We found that the fluorescent spectrum of GFP consisted of two components that might come from the transitions between different electronic energy states where the quantum efficiencies of the two components varied with different temperature. This effect was expected to come from the thermal effect on the electron populations in the molecular energy states of GFP. Furthermore, GFP was used as fluorescent marker to monitor the infection process of cells by viruses with a dynamic spectral imaging system. The recombinant baculoviruses containing the red and green fluorescent protein gene that can simultaneously produce dual fluorescence were used as vectors in insect cells. The system was used to monitor the spatial distribution of fluorescent spectra of cells infected by virus during the process of infection.
INTRODUCTION
Recently, exogenous fluorescent agents have been widely used as biological indicators in bioimaging techniques [1] [2] [3] [4] . Among the variety of exogenous fluorescent agents, green fluorescent protein (GFP) possesses the advantages of robustness and high quantum efficiency [5] [6] [7] . Therefore, GFP has become indispensable in molecular and cell biology as noninvasive luminescent labels for monitoring gene expression, protein localization and protein interactions [8] [9] [10] [11] [12] [13] . Although GFP and its mutants have been used in many applications, their optical properties and reactions have not been completely investigated, especially when they are under various environmental conditions and different cloning representation genes by virus infection. Nonetheless, by the use of GFP, one can easily reveal the information of targeting label in localization structure.
In this research, we developed a spectrum-analyzing system associated with a temperature control system to investigate the fluorescent properties of GFP in the environments of different temperatures. We found that the fluorescent spectrum of GFP consisted of two components that might come from the transitions between different electronic energy states where the quantum efficiencies of the two components varied with different temperature. This effect was expected to come from the thermal effect on the electron distributions in the molecular energy states of GFP. Furthermore, GFP was used as fluorescent marker to monitor the infection process of cells by viruses with a dynamic spectral imaging system. The system was constructed on an inverted microscope to simultaneously measure the distributions of GFP and red fluorescent protein (RFP) produced by cells which was infected by virus and expressed the specific gene sequence. The recombinant baculoviruses containing the red and green fluorescent protein gene that can simultaneously produce dual fluorescence were used as vectors in Spodoptera frugiperda 21 cells under the control of a polyhedrin promoter. The system was used to monitor the spatial distribution of fluorescent spectra of cells infected by virus during the process of infection. With the programmable scanning system, we can easily trace and monitor the specific location and analyzed the spectral distribution in detail.
MATERIALS AND METHODS

Cells and viruses
The Spodoptera. frugiperda IPBL-Sf21 (Sf21) cell line was cultured in TNM-FH insect medium containing 8% heatinactivated fetal bovine serum (FBS) 14 . Sf21 monolayers were used for virus propagation and all viral stocks were prepared and titers determined according to the standard protocol described by O'Reilly et al 15 .
Construction of the recombinant baculovirus for fluorescent proteins production
The DsRed gene cloned from the reef coral, Discosoma sp. 16 , in the plasmid pDsRed1-N1 (ClonTech) was PCRamplified with primers resulting in a DNA fragment containing a NheI restriction site on the 5' end and an EcoRI restriction site on the 3' end. The sequences of these primers were as follows: 5'Nhe1 ATCGGCTAGCGGTCGCCACCATGGTGCGCTCT, and 3'EcoRI GTAGGAATTCGCTACAGGAACAGGTGGTGG (the restriction sites are underlined). This PCR-amplified DNA fragment was cloned into the NheI and EcoRI sites of the transfer vector, pBlueBac4.5 (Invitrogen), and the resulting plasmid was named pBacRed. pBacRed was then cotransfected with linearized viral DNA, Bac-N-Blue (Invitrogen), and the resultant recombinant virus was named vAcRed. The EGFP gene, a mutant form of the green fluorescent protein gene from Aequorea victoria, from the plasmid pEGFP-C1 (ClonTech) was subcloned into the polyhedrin gene containing transfer vector pAcUW21 (PharMingen), and the resulting plasmid was named pAcP10EGFP. The EGFP gene is under the control of the p10 promoter of AcMNPV. pAcP10GFP was cotransfected with linearized viral DNA, vAcRP23.LacZ (PharMingen), and the resultant recombinant virus was named vAcP10GFP.
Preparation of the fluorescent proteins
Trichoplusia ni was purchased from Abbott Laboratories (USA). The insect larvae were maintained in the laboratory of TACTRI/COA (Taiwan Agricultural Chemicals and Toxic Substances Research Institute Council of Agriculture, Wufeng, Taichung, Taiwan) at 25±1 °C.
A hemocoelic injection of larvae was given using a microinjector (Burkard Manufacturing Co. Ltd.), with budded virus inoculum (at a titer of 1 x 10 8 pfu/ml and 4 ul/larva). All injecteded larvae were collected at 7 days post-inoculation (7 dpi). Figure 1 shows the larvae infected with vAcRed and vAcP10GFP, respectively.
Infected larvae that emitted red fluorescence were collected and frozen at -20 °C until they were ready for fluorescent protein extraction. The frozen larvae were thawed, and homogenized in phosphate-buffered saline (PBS). The weight of larvae to the volume of PBS was 1:10. The homogenate was then centrifuged at 4 °C to remove the large debris and the supernatant was collected. We found that the supernatant containing DsRed protein as abundant as 70% when analyzed with SDS-PAGE and Coomassie blue staining (data not shown). Then, a 1.5-ml aliquot was placed in an Eppendorf tube and frozen at -20 °C until used. The DsRed protein concentration was determined using a protein assay kit (Coomassie ® reagent, Pierce) with bovine serum albumin as a standard. 
Construction of bi-cistronic baculovirus expression vector and simultaneously express green fluorescent protein and red fluorescent protein in insect cells
To generate a baculovirus transfer vector with dual fluorescent protein genes expressed in Sf21 cells, we tried to incorporate the internal ribosome entry site (IRES) to construct bi-cistronic baculovirus expression vector. We first digested the pIRES-EGFP plasmid (ClonTech) with EcoRI and Sal I and subcloned the 2.2 Kb IRES-EGFP DNA fragment into AcMNPV transfer vector pBlueBac4.5 (Invitrogen). The resulting plasmid was named pBacIRE. The DsRed gene from the plasmid pDsRed1-N1 (ClonTech) was amplified by PCR with primers resulting in a DNA fragment containing NheI restriction site on 5' end and EcoRI restriction site on 3' end. The sequence of the primers are 5'Nhe1 ATCGGCTAGCGGTCGCCACCATGGTGCGCTCT (NheI sites are underlined), 3'EcoR1 GTAGGAATTCGCTACAGGAACAGGTGGTGG (EcoRI sites are underlined). The PCR amplified DNA fragment was cloned into the NheI and EcoRI site of the transfer vector pBacIRE and the resultant was named pBacDIRE. The RhPV IRES sequence (1-579, GeneBak No. AF022937) with EcoRI restriction site at 5' end and BamHI restriction site at 3' end was chemical synthesized by MDBio. Inc., Taiwan. The RhPV IRES sequence was then subcloned into the EcoRI and BamHI sites of pBacIRE and the resulting plasmid was named pBacDRhirE. Sf21 cells (2x105, in 24 well plate) were cotransfected with linearized viral DNA Bac-N-Blue (0.25 µg, Invitrogene) and the AcMNPV transfer vector pBacD-Rhie-E (0.8 µg) by cellfectinTM (4 µl). For the successful recombinant virus could form green fluorescent plaques, we could easily identify the interested recombinant virus at 6 days after co-transfection under a fluorescence microscope (Nickon). Then, the recombinant viruses were purified by two round end-point dilution. The resulting viruses were named vAcD-Rhir-E. The titer of the generated viruses was also determined with end-point dilution and EGFP fluorescence detection in a 96 well plate and the virus titer was calculated according to the 50% tissue culture infectious dose (TCID50) method24. Figure 2 shows dual fluorescent proteins simultaneously expressed in baculovirus infected cells. The fluorescent properties of GFP are investigated with a temperature-controlled spectrum-measurement system depicted in Fig. 3 . The system consists of an excitation component, a temperature-control component and a spectrummeasurement component. The excitation source is a Q-switched Nd-YAG laser (LOTIS TII, LS-2130) with selectable emission wavelengths of 266 nm, 355 nm and 532 nm. A half-wave plate and a polarizer are used to adjust the excitation power. The temperature-control component consists of a temperature controller, a thermoelectric cooling module and a T-type thermocouple. The sample is placed in a homemade adiabatic container. A computer program is designed to automatically control the temperature of the sample. In the spectrum-measurement component, a fiber-based collection module including a collimating lens, a color filter and an attenuator is connected to a spectrometer (Oceanoptics, USB2000) with time resolution at millisecond scale. A dichroic mirror is introduced in the system to reflect the excitation beam and allow the fluorescence to pass it and then be collected by the collimating lens. A 40x objective is arranged to focus the excitation beam on the sample and to collimate the fluorescence into the collection module. A computer is used to synchronize the excitation, temperature-control and spectrum-measurement components. 
Dynamic spectral imaging system
The dynamic imaging system is integrated in an inverted microscope (Olympus, IX71) as depicted in Fig. 4 . The excitation beam emitted from a mercury lamp is reflected by a dichroic mirror and then focused by a 40x objective onto the sample. The emitting fluorescence is collimated with the objective and reflected by a rotatable reflection mirror after passing through the dichroic mirror. The rotatable reflection mirror can be switched to direct the beam into the binocular, a CCD camera or a spectrum-analyzing system. The spectrum-analyzing system consists of a long-wavelength-pass filter, a collimating lens and an optical fiber connected to a real-time spectrometer (Oceanoptics, HR4000CG). The sample stage is driven by a two-axis translation transducer which is synchronized with the spectrum-analyzing system to perform a two dimensional scanning of the spectrum distribution. The whole system is controlled by a computer to automatically perform a time-lapse measurement of the two dimensional distribution of the fluorescent spectra. It is different to traditional fluorescence microscope that not only the intensity of certain wavelength but the two dimensional distribution of the complete fluorescent spectra can be measured with this system. Therefore, it is useful for the simultaneous measurement of samples containing multiple fluorophores with the resolution at micrometer scale. 
RESULTS AND DISCUSSION
Thermal effects of the fluorescent properties of GFP
The fluorescent spectra of GFP at different temperatures were measured with the temperature-controlled spectrummeasurement system. A laser beam with wavelength of 355 nm was chosen as the excitation source. The fluorescent spectra were measured with the system in the temperature range from -25 °C to +25 °C. Significant results were observed in the temperature range from -10 °C to +10 °C that each fluorescent spectrum consists of two components of different wavelengths. Furthermore, large variations of the quantum efficiencies of the two fluorescence components in this temperature range were observed, as shown in Fig. 5 . In order to analyze the mechanism of the fluorescence behavior from the molecular point of view, the fluorescence spectra of GFP in the temperature range from -10 °C to +10 °C were plotted as the relative intensities versus photon energy, as shown in Fig. 6 . Fig. 6 . The fluorescence spectra of GPF in the temperature range from -10 °C to +10 °C. It is obvious that the quantum efficiencies of both of the fluorescence components of GFP depend on temperature. Figure  7 shows the dependencies of the peak values of the two fluorescence components of GFP on temperature in the range from -10 °C to +10 °C. One can see that the largest quantum efficiencies of both fluorescence components occur at around +1 ºC. It is important when GFP is used as fluorescent marker in the applications of bioimaging. From the molecular point of view, we may assume the configuration of the molecular energy states of GFP to be represented by the Jablonski diagram as shown in Fig. 8 . In this postulate, there are two excited electronic states that the transitions between these two states and ground state contribute to the two fluorescent components. At low temperature (< -2 °C), there are more electrons to transit from S 1 to ground state after internal conversion and vibrational relaxation than that from S 2 to ground state. However, at higher temperature (> -1 °C), there are more electrons to transit from S 2 to ground state after internal conversion and vibrational relaxation than that from S 1 to ground state. The reason might come from the thermal fluctuation to cause more electrons to populate and transit from the higher energy state. 
Dynamic spectral imaging system for observation of virus infection
The dynamic spectral imaging system was used for observation of the process of virus infection in insect cells. As mentioned above, there are GFP and RFP simultaneously expressed in insect cells by the bi-cistronic baculovirus expression vector. By using the dynamic spectral imaging system, the spectral distributions were measured with a timelapse imaging. Both the distributions of GFP and RFP were measured and analyzed simultaneously. Figure 9 shows the two-dimensional intensity distributions of GFP and RFP in the same area of the sample. Note that both intensity distributions can be analyzed simultaneously for comparison. For a comparison of the relative intensities of the distributions, three-dimensional images corresponding to Fig. 9 (c) and (f) were shown in Fig. 10 . Fig. 9 . The two-dimensional intensity distributions of GFP and RFP in the same area of the sample, where (b) and (e) correspond to the area enclosed by the squares in (a) and (d), respectively, and (c) and (f) correspond to the area enclosed by the squares in (b) and (e), respectively. 
CONCLUSIONS
We developed a temperature-controlled spectrum-measurement system to investigate the fluorescent properties of GFP at different temperatures. We found that the fluorescent spectrum of GFP consisted of two components that might come from the transitions between different electronic energy states where the quantum efficiencies of the two components varied with different temperature. Furthermore, a dynamic spectral imaging system was used for observation of the process of virus infection in insect cells where GFP and RFP are simultaneously expressed in insect cells by the bicistronic baculovirus expression vector. Both the distributions of GFP and RFP were measured and analyzed simultaneously.
